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Cosmic ray electrons and positrons are tracers of particle propagation in the interstellar medium
(ISM). A recent measurement performed using H.E.S.S. extends the all-electron (electron+positron)
spectrum up to 20 TeV, probing very local sources and transport due to the ∼10 kyr cooling time of
these particles. An additional key local measurement was the recent estimation of the ISM diffusion
coefficient around Geminga performed using HAWC. The inferred diffusion coefficient is much lower
than typically assumed values. It has been argued that if this diffusion coefficient is representative
of the local ISM, pulsars would not be able to account for the all-electron spectrum measured at the
Earth. Here we show that a low diffusion coefficient in the local ISM is compatible with a pulsar wind
nebula origin of the highest energy electrons, if a so far undiscovered pulsar with spin-down power
∼ 1033−34 erg/s exists within 30 to 80 pc of the Earth. The existence of such a pulsar is broadly
consistent with the known population and may be detected in near future survey observations.
INTRODUCTION
The measured cosmic ray spectrum at the Earth is
dominated by protons and nuclei, with a much smaller
fraction of electrons and positrons. The electron spec-
trum is dominated by primary cosmic rays accelerated
inside sources as supernova remnants or pulsar wind neb-
ulae. The positron spectrum, at least below energies of ∼
10 GeV, is dominated by secondary production in cosmic-
ray collisions in the interstellar medium (ISM). Electrons
and positrons suffer severe energy losses due to inter-
stellar magnetic and radiation fields [1]. That the local
all-electron spectrum (LAES hereafter) provides informa-
tion about very local sources and might contain a large
positron fraction at high energies, has long been recog-
nized [1, 2]. Nevertheless, the detection of an increasing
positron fraction at the highest energies [3–5] has led to
intense speculation on their origin. This positron excess
(over expected secondary production) has been postu-
lated to arise from pulsar wind nebulae [2, 6], micro-
quasar jets [7] or dark matter annihilation [8]. Accord-
ing to the most commonly accepted propagation theories
within the ISM, the highest-energy positrons measured
by satellites (∼500 GeV) must originate from a region
within ∼1 kpc from the Earth, limiting the number of
possible sources producing this excess [2].
Recent measurements of the LAES demonstrate the
existence of very local sources of high energy electrons.
H.E.S.S. [9] presented a preliminary measurement of
the LAES extending up to ∼20 TeV with a break at
∼900 GeV, later confirmed by DAMPE [10] and CALET
[11]. Furthermore, the HAWC collaboration has recently
reported the diffusion coefficient inferred from the VHE
γ-ray measurements of the Geminga region [12]. The
energy-dependent diffusion coefficient is usually charac-
terized as D(E) = D0(E/10GeV)
δ. The HAWC inferred
value is D(100 TeV) = 4.5×1027 cm2/s, which assuming
diffusion in Kolmogorov turbulence δ = 0.33 this implies
D0 ∼ 2 × 1026 cm2/s. This is two orders of magnitude
lower than the average of the ISM derived from Galactic
propagation codes fitting primary and secondary species
spectra, see e.g. [13]. They argue that the diffusion coef-
ficient measured does not need to be limited to the region
surrounding Geminga, but may be characteristic of the
local ISM. It has been argued that if this is indeed the
case, the LAES could not be explained by known nearby
pulsars [14].
Whilst the GeV electron spectrum in the ISM must
include contributions from a whole population of sources
across the Galaxy, at energies of many TeV it becomes
increasingly likely that a single source dominates. A
low diffusion coefficient exacerbates this problem, con-
fining electrons to a smaller region around their sources
within their cooling time. Figure 1 explores this effect
quantitatively using a simple population model from the
gammapy package [15] assuming a supernova rate of 3 per
century. There sources were distributed using the radial
distribution described in [16] with the velocity distribu-
tion and spiral arms used by [17]. The maximum fraction
of the locally measured all electron flux contributed by a
single source is shown for three different diffusion coeffi-
cients over 1000 realizations of the Galaxy. Sources are
simulated with a pulsar-like evolution (described in detail
later) and simplified particle propagation neglecting the
Klein-Nishina effect in the inverse Compton losses [1]. As
expected the highest energies are dominated by a small
number of sources due to cooling effects. The energy at
which a single source dominates shifts to lower values
for lower diffusion coefficients. With the typically used
diffusion coefficient of D0 = 10
28 cm2s−1 a single source
dominates the spectrum in almost all realizations above
2 TeV. With a diffusion coefficient of D0 = 10
26 cm2s−1
a single source may dominate as early as 100 GeV.
Here we argue that even in slow diffusion scenarios
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2FIG. 1. Maximum contribution of a single source to the total
cosmic ray electron spectrum as a function of energy for three
diffusion coefficients with an energy dependence of δ = 0.33.
Generated from 1000 realizations of a source population and
simple propagation model. Solid lines correspond to the me-
dian of the distribution and the bands correspond to the 16th
and 84th percentiles.
a single pulsar wind nebula (PWN) explanation of the
high energy LAES remains plausible. We estimate the re-
quired parameters for the pulsar powering such a PWN,
its consistency with the known population and the like-
lihood that it could remain undetected.
APPROACH
We use edge, a code that calculates the isotropic dif-
fusion of electrons from a point source [18] to compute
the LAES produced by the considered source. The code
computes the solution of the diffusion-loss equation us-
ing the quasi-analytical result put forward in [1]. The
time-dependence of the electron injection is given by the
assumption that the power source is a pulsar and its lu-
minosity evolution is given by: E˙(t) = E˙0
(
1 + tτ0
)− n+1n−1
where n is the braking index of the pulsar and E˙0 the
initial luminosity. τ0 is the initial spin-down timescale
of the pulsar and is related to the initial birth period of
the pulsar P0, the current period (P ) and the character-
istic age (τc) by: (P/P0)
n−1 = 2τc/τ0(n − 1). For this
work we assume a τc=342 kyr and a P = 237 ms as in
the Geminga pulsar and hence τ0 is a function of the as-
sumed P0. We use P0=40 ms, corresponding to τ0 = 10
4
yr. The spin-down power simulated is E˙ = 3.2 × 1034
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FIG. 2. Required spectral index α vs pulsar distance for
different magnetic fields (top line: B = 3µG, middle line:
B = 4µG, bottom line: B = 5µG). The color scale gives the
energy into accelerated electrons needed to match the local
electron flux in the range 1–20 TeV as measured by H.E.S.S..
erg/s.
We consider that electrons and positrons are injected
into the ISM from a pulsar wind nebula (PWN) with
a power-law spectrum dN/dE = f0E
−α as appears to
be the case for Geminga [12] and as may be the case
in general for sufficiently old systems. For the parti-
cle propagation we only consider diffusion with the nor-
malization measured by HAWC D0 = 2 × 1026 cm2s−1
and the energy-dependence δ=0.33 corresponding to an
ISM dominated by Kolmogorov turbulence. Assuming
a larger δ would imply faster propagation and the best
fit results would be shifted, but the dominant effect will
be that of the spectral index of the electrons α. We
assume a typical magnetic field in the ISM of B = 3µG
and photon energy densities for Cosmic Microwave Back-
ground (CMB), infrared (IR) and optical radiation fields
of CMB=0.26 eV/cm
−3, IR=0.3 eV/cm−3, Opt=0.3
eV/cm−3 for the photon targets, which are the typical
values derived by GALPROP for the location of Geminga
[19]. The magnetic field in the nearby ISM should be in
the range between 3-5 µG according to [20]. We take
into account losses due to ionization, bremsstrahlung,
synchrotron and inverse Compton in the Klein-Nishina
regime.
CHARACTERISTICS OF A SINGLE SOURCE
Under the assumptions and calculation method given
above we explore the available pulsar parameters in an
3attempt to match the observed LAES at TeV energies
for a single source and a slow diffusion coefficient. The
following are the free parameters of the fit with their
allowed ranges:
• Distance (25 pc< d <100 pc)
• Spectral index of injected electrons (0< α <3)
The characteristic age τc is not a critical parameter
if the equilibrium where all electrons in the 1–20 TeV
regime are already cooled has been reached. Therefore,
for sources with age >∼300 kyr this parameter does not af-
fect the measurements(see Figure 11 of [18]). For younger
pulsars, they could not account for all the LAES above
1 TeV as it is required for this diffusion coefficient by
Figure 1. Hence for this study we fix τc to the 342 kyr
value of Geminga [21]. The amount of energy into elec-
trons is derived by normalization to the measured flux
(see below).
After calculating the LAES for a grid of the parame-
ters in the ranges above, we fit the spectrum between 1
and 20 TeV using a single power-law and choose for each
distance the α that produces the closest spectral index to
that measured by H.E.S.S. in the same energy range. We
consider three different magnetic field strengths (B = 3, 4
and 5 µG) to investigate the dependence on synchrotron
losses. The results for the best fit values for every pair of
d−α are shown in Figure 2. For every pair of values, the
best fit requires a different energy into electrons µE˙ to fit
H.E.S.S. data in this energy range. Here µ is the fraction
of the total spin-down power that is transformed into
electrons. The relationship between distance and pre-
dicted slope, and hence the requirement for a different
injection index, is illustrated in [18]. Contrary to intu-
ition, nearby sources require a higher spin-down power
than more distant ones. This is the result of requiring
a much softer spectral index for the injected electrons
for close-by sources to reproduce the H.E.S.S. spectral
index, which implies fewer electrons injected at high en-
ergies. At some distance that depends on the magnetic
field strength assumed, the distance dominates again over
the softening of the spectrum and the E˙ increases again.
We find that the pulsar producing the LAES between 1
and 20 TeV should be located between 25–80 pc, with
an E˙ of 1033−34 erg/s, with effectively no constraint on
the injection spectral index. The different magnetic fields
considered do not significantly change the conclusion.
In Figure 3, we show the LAES for different P0 values
for the example of a pulsar located at 50 pc, with cor-
responding best fit values of α=2.4 and E˙ = 1.3 × 1033
erg/s. The overall shape of the spectrum at TeV ener-
gies is consistent, but it is clear that short initial periods
(P0 <∼ 140 ms) overshoot the measured LAES at low en-
ergies. However, as discussed in [18], those parameters
relating to the early evolution of the pulsar (τ0, n and
P0) have a large effect on the prediction in the energy
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FIG. 3. All electron spectrum measured at the Earth with
AMS [22] and preliminary H.E.S.S. [9] data points compared
to predictions for a single PWN The colored lines correspond
to the LAES contribution of a single pulsar located at 50 pc,
E˙ = 1.3 × 1033 erg/s, α = 2.4, an ISM magnetic field of
B = 3 µG and a range of values for P0.
range where the spectrum is uncooled. For the assumed
source age and slow diffusion this occurs below ' 1 TeV.
We note that the assumption of escape without losses
becomes increasingly questionable in the early life of a
PWN and hence the lowest energy predictions can be
seen as upper limits. At higher energies however evo-
lutionary uncertainties are less critical and in the TeV
range the single source predictions are more robust. Fur-
thermore, below 1 TeV multiple sources may contribute
and a population model is needed to predict the result-
ing LAES. The requirement for the single source model is
therefore consistency with the LAES at TeV energies and
to not overshoot the total e+ and e− fluxes at lower en-
ergies. Birth periods greater than ∼160 ms are therefore
disfavored as they do not produce sufficient flux around
2 TeV.
Figure 4 shows the measured positron fraction and pre-
dictions from the single source model. We assume that
equal fluxes of electrons and positrons are injected by the
hypothetical nearby PWN and a contribution from sec-
ondary positrons following [19]. As for Figure 3 curves for
different values of the pulsar birth period P0 are shown.
Short birth periods (P0 <∼ 140 ms) are again formally ex-
cluded, but as discussed above this constraint is readily
avoided by considering significant losses before escape for
those electrons accelerated in the early life of the PWN.
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FIG. 4. Positron fraction measured at the Earth using AMS
[23] and PAMELA [24]. The blue solid line corresponds to the
predicted positron fraction due to secondary production from
[19]. The colored lines correspond to the positron fraction
with this level of secondaries plus a single PWN as for Figure
3.
As Figure 1 illustrates, more than one pulsar is expected
to contribute to the LAES and therefore to the positron
fraction at energies below hundreds of GeV. However the
dominance of a single PWN at high energies necessitates
a further rise in the positron fraction beyond the range
of current measurements ultimately reaching 0.5, and in-
deed this is the case for any PWN-dominated model.
The final observational constraint that we consider is
the anisotropy of the all-electron flux. Using the LAES,
its gradient and the diffusion coefficient, we calculate the
anisotropy using equation 3.2 of [25]. We show the result
for curves with a range of P0 that is consistent with the
previous constraints. Figure 5 shows the resulting pre-
dictions together with the upper limits established from
Fermi-LAT [26].
We note that the conclusions of required birth peri-
ods are somewhat modified for values of distance and
ISM magnetic field differing from the 50 pc and 3 µG as-
sumptions made for Figures 3, 4 and 5. However, as Fig-
ure 2 shows, solutions exist for a range of distances and
magnetic fields provided appropriate choices are made for
injected electron spectral index and injection power.
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FIG. 5. Expected anisotropy due to the single local source
simulated in Figures 3 and 4. Fermi upper limits are shown as
blue arrows. The color code for the single pulsar contribution
is the same as on the aforementioned figures.
DISCUSSION
As shown in the previous section the high energy LAES
can plausibly be explained by particle acceleration in a
single PWN only if it is very local (within ∼80 pc) more
than ∼ 3× ∼ 105 years old and with E˙ ∼ 1033−34 erg/s.
The measured E˙/age relationship [21] suggests that such
E˙ values are common for pulsars of around Myr age.
To assess the likelihood of the existence of such a local
pulsar we used the source population simulations intro-
duced earlier. These population simulations predict a
pulsar within 80 pc in around 5-10% of the realizations.
The existence of such a pulsar implies the occurrence of
a recent local supernova, the case for which is strength-
ened by studies of 60Fe transport [27, 28]. By modeling
the formation of the Local Bubble by several supernovae
they find that the most recent supernovae must have ex-
ploded at a distance of 90-100 pc from the Earth, 2-3 Myr
ago with a suitable initial mass to produce a pulsar [29].
No known pulsar exists with the properties required.
However, the beam fraction of a pulsar is a quite uncer-
tain value and in many cases, for example [30], is pre-
dicted to be rather small (<25%), in particular for old
pulsars. Beaming could potentially lead to a number of
pulsars in the local neighborhood which are undetectable
by radio observations. These objects, however with their
surface temperature of a few million Kelvin may be de-
5tectable in soft X-rays by a wide field of view instrument,
as for the ”Magnificent seven” local neutron stars dis-
covered using ROSAT (for example [31, 32]). Again no
candidate sources have been detected within 100 pc, but
confirmation and distance measurements of these sources
remains difficult due to their often weak optical counter-
parts. X-ray measurements of a synchrotron pulsar wind
nebula as in the case of Geminga [33] would also be a
way of detecting them, but we note that the X-ray de-
tection of Geminga relied on the early detection of pulsed
emission. VHE γ-ray observations provide an alternative
method for detecting PWN and electrons around them
(see e.g. [12, 34, 35]). Assuming a source powered by a
central pulsar with spin-down power 1034 erg/s, the VHE
γ-ray flux within 5◦ is more than one order of magnitude
lower than that measured by HAWC for Geminga and
therefore out of the reach of current or planned VHE
facilities.
SUMMARY
We have shown that even with the two orders of mag-
nitude lower diffusion coefficient than the conventional
expectation inferred from Geminga using HAWC, a sin-
gle local pulsar wind nebula remains as a feasible source
of the highest energy cosmic ray electrons. The required
properties of the pulsar powering this nebula are an
E˙ ∼ 1033−34 erg/s and an age of >300 kyr, at a distance
of 30–80 pc. Population modeling suggests a probability
for the existence of such a pulsar is of order 10% for an
age <1 Myr. The probability of missing such a pulsar in
existing surveys may be rather large due to the beaming
fraction of old pulsars and the low surface brightness of
the associated VHE γ-ray nebula. If such a pulsar ex-
ists there are good prospects for its discovery in future
surveys at (for example) radio or X-ray wavelengths.
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